INTRODUCTION
Ca2+ binding to the sarcoplasmic reticulum (SR) Ca2+-ATPase protein is a prerequisite for the phosphoryl transfer from ATP to the enzyme (for reviews, see [1, 2] ). This fundamental step in the enzyme activation requires a long-range transmission of the Ca2+ signal from the transmembrane sector (transport sites) to the cytoplasmic head region (catalytic centre).
Ca2+ binding at equilibrium and in the absence of ATP presents a stoichiometry of 2 mol of Ca2+ per mol of phosphorylated enzyme [3] and the binding exhibits positive cooperativity that can be described by a sequential mechanism [3] [4] [5] [6] . Site-directed mutagenesis [7, 8] , chemical modification [9] , and chimeric constructs [10] indicate that the Ca2+-binding sites are in the transmembrane domain of the protein. There is also some evidence that the Ca2+ ions are accommodated in a tubelike structure providing non-equivalent external accessibility [5, 11, 12] .
A deeper knowledge of the Ca2+-binding mechanism can be obtained by modification of the native binding properties and analysis of the functional characteristics of the altered enzyme. Diethylpyrocarbonate (DEPC), also termed diethyldicarbonate or ethoxyformic anhydride, is a relatively specific reagent for protein modification that under certain experimental conditions might derivatize histidine residues, although some caution may be needed when interpreting the results [13] . This acylating agent was found to be an effective inhibitor ofdifferent enzyme activities [14] [15] [16] [17] [18] [19] including that of the Ca2+-ATPase from SR [20] [21] [22] .
Interestingly, the derivatized ATPase molecule binds Ca2+ kinetics assays show 2 Ca2+ :1 ATP ratios, at any extent of Ca2+ saturation, indicating that the Ca2+ sites are not independent. The Ca2+ dissociation profile after derivatization shows a decrease in the dissociation constant for the release of the second Ca2+, which is consistent with interacting sites.
Isotopic exchange experiments show fast and slow components of equal amplitude even at subsaturating Ca2+ concentrations, which is incompatible with independent binding sites. The experimental data suggest a modification of the equilibrium binding constants making them more similar, but keeping the interacting character. The structural position of the external (cytoplasmic) and the internal (lumenal) Ca2+ sites remains unaltered in the absence of positive cooperativity.
non-cooperatively. This fact was explained by the elimination of the cooperative character without alteration of the specific Ca2+-binding affinities [22] . If this is true, the Ca2+ sites will become distinct and independent after the chemical treatment. Based on this observation, and considering the mechanistic implications that can be derived from such a situation, we exposed the SR vesicles to gradual DEPC derivatization. The present report analyses the absence of positive cooperativity of Ca2+ binding with respect to sequential binding models accounting for two interacting or two independent Ca2+ sites. These results, in conjunction with data derived from the functional properties of the enzyme, suggest the presence of interacting Ca2+ sites with similar dissociation constants after the chemical treatment.
This study contributes to our understanding of the positive cooperativity mechanism of Ca2+ binding in the native enzyme.
EXPERIMENTAL SR vesicles were obtained from rabbit leg fast-twitch muscle according to Eletr and Inesi [23] . The protein content was estimated by the method of Lowry et al. [24] using BSA as a standard. Ca2+-EGTA buffers were used to establish different free Ca2c oncentrations in the incubation/reaction media. The procedure was based on a computer program described by Fabiato and Fabiato [25] . The association constant for the Ca2+-EGTA complex was taken from Schwartzenbach et al. [26] , and the Transient kinetics experiments of Ca2+ transport and ATP hydrolysis were performed as described previously [30] . SR vesicles were incubated with 7 [32P]P, release was measured under the same experimental conditions, except that [y-32P]ATP (-15000 c.p.m./nmol) and CaCl2 were now included in the mixing solution instead of ATP and 45Ca2 . Samples were denatured by adding 1 ml of ice-cold solution containing perchloric acid and sodium phosphate to give final concentrations of 125 mM and 0.5 mM respectively. The reaction mixtures were centrifuged for 5 min in a benchtop centrifuge at 5000 rev./min and 4 'C, and the supernatants were used to quantify the radioactive phosphate [3] .
Ca2+ binding at equilibrium was measured by a double labelling filtration technique [31] with the aid of radioactive 45Ca2+ and tritiated glucose to evaluate the filter wet volume [12] . SR vesicles (1 mg/ml) were treated in the presence of 7 [5] .
The Ca2+ dissociation kinetics were studied as previously described [12] . SR vesicles were initially treated with 7mM DEPC for 30 min. The DEPC reaction was stopped by a 10-fold dilution in the presence of imidazole. The incubation medium after dilution consisted of 50 mM Mops, pH 6.8, 80 mM KCI, 5 Selective labelling of the internal Ca2+ was achieved by partial isotopic exchange as previously published [11, 32] . Native SR vesicles (0.1 mg/ml) were first equilibrated in a medium containing 50 mM Mops, pH 6.8, 80 mM KCl, 5 mM MgCl2, 1 mM phore A23187. Aliquots of 1 ml were filtered (HAWP Millipore filter) and rinsed by hand with 0.25 ml of non-labelled medium containing 50 mM Mops, pH 6.8, 80 mM KCl, 5 mM MgCl2, 1 mM glucose and 1 mM CaCl2. This allowed substitution at the external site of non-radioactive Ca2 . Within 2-3 s the kinetics of t-he Ca2+ exchange at the internal site were followed by perfusing the samples with the rinsing medium using the rapid filtration technique [33] . Note that, in the ordered sequential mechanism of Ca2+ binding, the internal site showing a slow rate of exchange corresponds to the first ion to bind whereas the external Ca2+ with a fast exchange rate is the second Ca2+ bound.
The labelling of the external Ca2+ was approached in a similar way. The incubation medium consisted of 50 mM Mops, pH 6.8, 80 mM KCI, 5 mM MgCl2, 100 ,uM CaCl2, 0.0512 mM EGTA, 0.1 mg/ml of native SR vesicles and 10 1M ionophore A23187.
Aliquots of 1 ml were added on to a Millipore filter (HAWP) and rinsed with 0.25 ml of radioactive medium containing 50 mM Mops, pH 6.8, 80 mM KCI, 5 mM MgCl2, 1 mM [3H]glucose, 10O /tM 45CaC12 and 0.0512 mM EGTA in order to label the external Ca2 . Immediately thereafter, the samples were perfused in the millisecond time scale with rinsing medium devoid of the radioactive tracers. This allowed study of the Ca2+ exchange at the external site.
The experimental data shown in the Figures correspond to mean values of at least three independent assays. The standard errors were lower than + 10 %.
The absorbance increase due to the DEPC modification was fitted by a non-linear regression algorithm to the equation:
where Af and A. refer to the amplitude of the fast and slow components whereas kf and k. correspond respectively to the pseudo-first-order rate constants for the fast and slow components.
The equilibrium binding curves were fitted to the Hill equation expressed as a function of the Ko5:
Y= Nx Ca /(Kh05+Ca ) (2) Y being the fraction of saturated binding sites, N the maximum Ca2+ binding, Ko5 the Ca2+ concentration needed for halfsaturation of the sites, and h the Hill coefficient expressing the interaction between the binding sites.
The fractional saturation of binding in a two distinct and interacting sites model can be expressed in terms of the intrinsic dissociation constants K'dl and K'd2 as:
where K'dl and K'd2 are related to the dissociation constants Kdl and Kda by the corresponding statistical factor (Kdl =1K'01, and Kd = 2K'd). Kd1 corresponds to the dissociation in the first calcium equilibrium: E + Ca ECa, and K02 is the dissociation constant in the second calcium equilibrium: ECa + Ca=.ECa2. The relative values of the intrinsic dissociation constants determine the cooperativity of the ligand binding (positive cooperativity when K'dl > K'd2).
In the case of two distinct and independent sites, the Ca2+ binding will be defined by the expression:
that considers parameters related to the affinity (Kdl and K02) and the stoichiometry (N1 and N2) of the binding sites.
If the two sites are independent but they have the same Kd, the analytical expression will be:
Ca2+-binding isotherms were fitted by computer using the SigmaPlot software (Jandel Scientific, San Rafael, CA, U. S. A.).
RESULTS
The chemical reaction of DEPC with the SR vesicles can be monitored by an absorbance increase at 242 nm. The experiment presented in Figure 1 was performed with a large excess of reagent, therefore the modification reaction can be considered a pseudo-first-order process. The analysis of the experimental trace indicates the presence of two populations of reactive residues that can be characterized by the corresponding pseudofirst-order rate constants (1.18 min-' and 0.03 min-' respectively). We also show several absorbance spectra recorded during the time course of the reaction as they appear after subtraction of a proper blank (inset of Figure 1 ). Scan A was taken 5 min after the addition of DEPC, once the fast-reacting population has been modified, while scan C was taken at 30 min when a large proportion of the slow-reacting component has been completed. Some useful information can be derived by the subsequent addition of hydroxylamine (broken line spectra). The decrease in absorbance of scan B with respect to scan A can be considered Figure 3 scribed by eqn. (3) . We also applied this analytical procedure to samples derivatized for 30 min with DEPC ( Figure 3 , closed circles) since the effect on Ca2+ binding was more evident. The fitting was now performed by considering the binding equation for interacting sites (eqn. 3) or that for independent sites (eqn. 4). As can be seen, the curves generated for both models can satisfy the equilibrium binding data with the same degree of confidence. When the experimental data are interpreted according to the mechanism of interacting sites (broken line), the dissociation constants are K'dl = 2. profile similar to others previously reported [5, 34] . The kinetic pattern of DEPC-treated vesicles shows a lower level of saturation, as expected from the equilibrium experiments; however, the kinetic profile is exactly the same as in the native samples (data not shown). The Ca2+ dissociation kinetics were studied in SR vesicles equilibrated with 50 ,uM free Ca2+. This assay was accomplished by washing the vesicles with a medium containing 1 mM EGTA. The EGTA-dependent Ca2+ dissociation in SR vesicles incubated in the presence of a Ca2+ ionophore exhibits monophasic kinetics. Under the experimental conditions described in Figure 5 (open circles), the apparent rate constant has a value of approximately 13 s-'. In this connection, we found the appearance of biphasic kinetics in Ca2+ dissociation after the DEPC treatment (closed circles in Figure 5 ). Half of the Ca2+ leaves the sites with an apparent rate constant of 25 s-' whereas the other half corresponds to a slow component with an apparent rate constant of 0.8 s-'.
The Ca2+-binding sites can be experimentally distinguished by isotopic exchange [5, 12] . The appearance of fast and slow components of Ca2+ exchange after partial labelling is illustrated in the inset of Figure 6 . Labelling of the internal site (half of the sites) can be obtained by equilibration of the SR vesicles with 45Ca2+ and then by controlled substitution of 40Ca2+ for 45Ca2+ at the external site. Thus, 45Ca2+ at the internal site undergoes a slow substitution by 40Ca2+ (open circles). However, when the radioactive Ca`+ labels the external site, a very fast exchange rate can be observed (open squares). Therefore, the Ca2+ exchange after addition of 1 mM 40Ca2+ to SR vesicles equilibrated with saturating 45Ca2+ shows a biphasic profile. This behaviour is also observed when the binding sites are partially saturated by Ca2- [12] . We used SR vesicles previously treated with DEPC and then equilibrated in the presence of different free Ca2+ concentrations. The addition of the exchange medium (1 mM 40Ca2+) to samples saturated with 45Ca2l at pCa 4.3 (closed circles in Figure 6 ) [22] . In analysing our data of the non-cooperative Ca2l isotherm we considered two different binding models accounting for sites that can be interacting or independent. The key question is to know how the loss of cooperative binding affects the individual Ca2+-site affinities. We show that the fitting procedure does not provide a unique response and therefore it is not possible to distinguish between K'dl = 2.5,uM and K'da = 8.3 uM [interacting sites, described by eqn. (3) ] versus Kdl =1.34 4uM and Kd2 =16 ,M [independent sites, described by eqn. (4)]. We assumed a 1: 1 ratio [N1 and N2 values in eqn. (4)] between the amplitude of the two Ca2+ sites in the independent sites model, although deviation from this ratio may allow fitting with a completely different set of constants. Thus, by using N1 = 5.3 nmol/mg of protein and N2 = 3.6 nmol/mg of protein, it was concluded [22] that the sites are independent after the DEPC treatment, keeping the same binding affinities of the cooperative model (Kdl = 14 uM and Kda = 0.5 ,M).
In the prestationary Ca2+ transport experiments, the sample filtration was performed a few seconds after the addition of the ATP/EGTA medium to allow the phosphoenzyme decomposition and the subsequent release of Ca2+ inside the vesicles. This value was correlated with the corresponding P1 released under the same experimental conditions. These assays confirm that the Ca2+: ATP coupling is 2: 1, independent ofthe Ca2+ concentration used to saturate the sites. Therefore, after elimination of the positive cooperativity, the enzyme still requires two Ca2+ to be phosphorylated by ATP at any Ca2+ concentration, as occurs with vesicles in the native state [3, 11] . It means that even at the lower Ca2+ concentrations some ATPase molecules will be able to bind two Ca2+. Assuming independent sites, the first Ca2+ site is expected to saturate at lower Ca2+ concentrations. This implies that the enzyme will be unable to be phosphorylated by one Ca2+ or alternatively a 1 Ca2+: 1 ATP coupling ratio must be expected. None of these possibilities is confirmed in Figure 4 .
The mechanism of Ca2+ binding to the Ca2+-ATPase has been analysed recently with respect to the Ca2+ dissociation kinetics [35] . This study shows that the cooperative character of Ca2+ binding in native SR vesicles is associated with a decrease in the dissociation constant of the second Ca2+ as the external Ca2+ concentration increases. Simulations also show that the referred rate constant is expected to increase in the absence of cooperativity (two sites with the same Kd). From the EGTAinduced Ca2+ dissociation of Figure 5 it is clear that the DEPC modification slowed down the exit of the internal (first ion to bind and second ion to release) Ca2 , suggesting that the Ca2+ sites remain interdependent after derivatization.
Another important clue to confirm the Ca2+ binding model was provided by the partial isotopic exchange at the Ca2+ sites. This is a biphasic process when performed in untreated vesicles preincubated with saturating 45Ca2+ and when the washing medium contains 1 mM 40Ca2+ [5, 12] . This biphasic profile was also obtained in DEPC-treated vesicles saturated with 45Ca2+ or under different degrees of saturation. The 1 :1 ratio between the fast and the slow component of Ca2+ exchange under conditions of partial Ca2+ saturation and in the absence of positive cooperativity can be explained in terms of the equilibrium constants by assuming two sites with the same Kd and no interaction (eqn. 5) or two interacting sites with very close dissociation constants (eqn. 3). This latter possibility is consistent with the Ca2+ dissociation experiments. By contrast, in the independent sites model (eqn. 4) what can be expected is that the high-affinity site will fill selectively at lower Ca2+ concentrations and thereby the 45Ca2+-40Ca2+ exchange profile will contain a single (fast or slow) component. This is not supported by the present results.
The isotopic exchange experiments indicate an acceleration in the external (first ion to release) Ca2+ exchange after the chemical modification. The rapid exchange phase in treated vesicles (main frame of Figure 6 ), provides a k2 of 25 s-1 whereas the k-2 value is 10 s-' in untreated vesicles (fast component in the inset of the figure) . This latter value of k-2 was also obtained by using the same protocol described in the main frame of Figure 6 but using native vesicles (data not shown). This increase in k-2 and the observed decrease in k.1 from the Ca2+ dissociation experiments are consistent with a decrease in Kdl and an increase in Kd2, as predicted by our model.
In conclusion, the chemical treatment with DEPC appears to modify the nature of the Ca2+ sites, producing an alteration in the Ca2+-binding affinities and a loss of the binding cooperativity. As a consequence, the CaO+ sites present similar Kds and act as interdependent sites, retaining the topology of the native enzyme, i.e. two binding domains with external (cytosolic) and internal (lumenal) positions. It is suggested that the Ca2+ binding affinities are only sensitive to Ca2+ in the native enzyme and therefore, the binding of Ca2+ to the first site will increase the binding affinity of the second site.
